ABSTRACT. Structural health monitoring systems employing embedded guided wave transducers are being considered for aerospace applications. If these systems detect changes that are potentially caused by damage, rapid follow-up inspection is desirable; however, the suspected damage location may be inaccessible. A method is proposed whereby one or more of the embedded transducers are used as a source, and wavefield data are recorded outside of the inaccessible region via a non-contact method such as a laser vibrometer or scanned air-coupled transducer. These data are then used to form images of sources and scatterers inside the inaccessible region via a beamforming algorithm. Dispersion correction and adaptive source removal are applied to the proposed method to improve its performance. The feasibility of this method is demonstrated for several cases using numerical wavefield data generated by a ray tracing algorithm, and experimental results are also shown.
INTRODUCTION
One popular approach to structural health monitoring of large areas is via guided waves with spatially distributed arrays [1, 2] . Upon detection of damage, it is desirable to perform a follow-up inspection to obtain additional information. This paper addresses the challenges associated with follow-up inspection for areas in which the suspected damage location is inaccessible. The approach leverages the nearest permanently attached transducer, wavefield data collected outside of the inaccessible region, and a new technique developed to perform imaging without the assistance of baseline data.
Previous studies have addressed the challenge of obtaining more detailed images with guided waves [3] [4] [5] , but require a large number of additional transducers and a specific array configuration. This requirement limits applicability for follow-up inspection in field applications.
THEORY
Information about damage location, size, shape, and orientation can be gleaned from scattered waves. Unfortunately, however, the scattered waves are typically of much smaller amplitude than the incident waves propagated from the source to the receiver. As a result, scatterers are overshadowed by the source when images are directly generated using raw data that include the source signals. Therefore, many sparse array imaging algorithms subtract baseline data (damage-free signals) from the test signals [6] [7] . In this case, however, baseline data are not available because the region of interest is based upon a suspected damage location for which comparable inspection data are generally not available.
The goal of the proposed method in this paper is to image scatterers from wavefield data collected outside of the region of interest without the assistance of baseline information. This method consists of two main steps:
(1) Delay-and-sum imaging and source signal estimation from raw data.
(2) Adaptive source removal and scattered wave imaging.
As part of the first step, an estimate of the source location is obtained from an image using traditional delay-and-sum beamforming. The source time function is then estimated by back-propagating received signals to the estimated source location and averaging the results. With estimates of the source location and time function, the forward propagated source signal can be subtracted from the raw data, which isolates the scattered waves. We account for small amplitude and phase differences between the estimated and actual source waves by using an adaptive source removal technique. Finally, the delay-and-sum imaging method is again applied using the scattered waves. In the following sections, essential techniques used in this method are described in detail.
Delay-and-Sum Imaging
The basic idea of conventional delay-and sum beamforming is to delay and sum received signals according to a delay law based upon the specific problem geometry, 
where the w m are weights (w m = 1 in this study), y m (t) is the mth received signal, and ǻ m is the time delay. By adjusting the delays, the beamformer maximizes the energy output in certain directions for far-field plane waves or at specific spatial locations for near-field spherical waves [8] . In our method, we image every pixel inside an area surrounded by the measurement points as shown in Figure 1 . Rewriting Eq. (1), the beamformer's output is,
where m is the sensor index and j is the pixel index. The back-propagated signals y m,j (t) are given by , ,
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Image of an interior source Pixel values are calculated as the power of the summed signals at every point.
The source location is identified as the position vector corresponding to the maximum amplitude pixel in the image, 2 , where arg max .
The source time function is estimated as,
where M is the total number of receiver locations.
Dispersion Correction
Because of the dispersive nature of Lamb waves, waves change shape as they propagate, which is not factored into the simple time shift of Eq. (3). There are several ways to correct for this phenomenon [9] [10] . Since the propagation distances are known, a simple dispersion correction as proposed in [9] is applied, 
Adaptive Source Removal
The source time function estimated in Eq. (6) is used to estimate the propagated source signal present in each received signal, y m (t). Because of differences in the nominal and actual dispersion curves of the propagation medium, direct subtraction of a forwardpropagated source time function does not adequately remove the direct arrival of the source. To address this issue, adaptive time-shifting and scaling mechanisms are employed. The adaptive source removal is performed in three stages: (1) dispersion correction, (2) adaptive time-shifting, and (3) adaptive amplitude scaling.
Initial dispersion correction ensures that the phase of the propagated source signal is in close agreement with the source signal present in each received signal. The dispersion correction is performed similar to that performed during back-propagation in Eq. (7) 
Thus, an estimate of the scattered waves is obtained by subtracting the propagated, shifted and scaled source signal, 
SIMULATIONS

Simulation Setup
Waves in a rectangular plate that are excited by an A 0 point source are simulated by simple ray tracing with dispersion and geometrical spreading as summarized in Figure 2 and Table 1 . A single point scatterer was modeled assuming uniform scattering, although an arbitrary scattering matrix can be used. For each receiver location outside of the region of interest, the received signal was modeled as a sum of the direct arrival of the source wave and the first scattered arrival. Neither edge reflections nor any echoes resulting from more than one interaction with the scatterer were included. Each echo was dispersed using the nominal A 0 dispersion curve for the plate of interest over its total propagation path. Amplitude scaling inversely proportional to the square root of the propagation distance for each echo was also applied to account for geometrical spreading. Figure 3(b) shows the received signals from 3(a) after back-propagation and dispersion compensation. Each of these signals corresponds to an y m,j (t) in Eq. (3) . Figure 4 (a) shows a typical delay-and-sum image before removal of the source signal. From this image, the source signal location can be easily determined, and the source signal itself, as shown in Figure 4(b) , is obtained as per Eq. (6) using the dispersioncorrected and back-propagated signals of Eq. (7).
Removal of Source Signal and Reconstructed Image from Residual Signal
As shown in Figure 4(a) , the amplitude of the scatterer is much smaller than that of the source. To minimize source effects and obtain a better image of any scatterers, the estimated source signal is forward propagated and subtracted from the measured signals prior to imaging. To illustrate this process, Figure 5 Figure 6 shows the image that is constructed using these residual signals. The source that was dominant in Figure 4 (a) is almost completely removed and the scatterer is now clearly visible. 
EXPERIMENTS
A 6061 aluminum plate of dimensions 2400 mm × 1500 mm × 3 mm was instrumented with 19.05 mm diameter PZT transducer mounted at the plate center, as shown in Figure 7 . A Polytec PSV400M2 scanning laser doppler vibrometer (SLDV) was utilized to scan the boundary of a 500 mm × 500 mm square region, also centered on the plate. The PZT transducer was excited with a 4-cycle, 40 kHz tone burst to generate A 0 mode Lamb waves. Two cylindrical steel rods (100 mm long by 12.7 mm diameter) were glued to the plate, one on each side, to act as scatterers. Data were collected at 240 measurement points on the square periphery.
The same algorithm as previously described was applied to the experimental data to image the source and the scatterers in two steps. Imaging results with and without applying the source removal algorithm can be seen in Figure 8 . As was true for the simulated raw data, the large magnitude of the source in the image of Figure 8 (a) prevents any useful analysis of the scatterers. However, after applying the adaptive source removal algorithm, the presence of the two scatterers can be clearly identified, as shown in Figure 8(b) . Although there are significant artifacts, which are associated with both the source and the scatterers, the magnitude of the imaged scatterers is about 4dB higher than that of the largest artifacts, enabling unambiguous detection of the scatterers. 
CONCLUSIONS
This paper presents a beamforming imaging method using signals recorded on the boundary of a region with an interior source. Small scatterers were successfully imaged using both simulated and experimental data without the use of any baseline information. Dispersion correction and adaptive source removal were integral to the success of this imaging method. It is expected to be applicable to imaging of structural damage in inaccessible regions that are being monitored with permanently attached transducers. Future work should include efforts to understand and reduce imaging artifacts as well as applications to realistic structural configurations. Utilization of multiple sources, adaptive imaging, and in situ estimation of dispersion curves are all expected to contribute to improved imaging performance.
